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McCune-Albright syndrome (MCAS) is a sporadic disease classically including
polyostotic fibrous dysplasia, café au lait spols, sexual precocity, and other hy-
perfunctional endocrinopathies. An activating missense mulation in the gene
for the alpha subunit of Gs, the G protein that stimulates c¢yclic adenosine
monophosphate fermation, has been reported o be present in these patients.
The mutation is found in varigble abundance in different affected endocrine
and nonendocrine tissues, consistent with the mosaic distribution of abnormal
cells generated by a somatic cell mutation eorly in embryogenesis. We describe
three patients with MCAS who had profound endocrine gnd nonendocrine dis-
ease and who died in childhcod. Two of the patienis were severely Il neondatres
whose complex symptoms did not immedictely suggest MCAS. A mutation of
residue Arg2?! of Gsa was found in affecled tissues from all three children. A re-
view of the literature and unpublished case histories emphasizes the existence
ot other potients with severe and unusual clinical manifestations. We conclude
that the manitestations of MCAS are more extensive than is generally appreci-
ated, and may include hepotobliary disease, cardiac disease, other nonendo-
crine abnormalities, and sudden or premature death. (J Pepiar 1993;123:509-18)

McCune-Albright syndrome is a sporadic disease classi-
cally defined by polyostotic fibrous dysplasia, café au lait
spots. sexual precocity, and other hyperfunctional endo-
crinopathies.”* Endocrine tissues that lunction autono-
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mously in MCAS include the gonads, thyroid, adrenal cor-
tex, and pituitary somatotrophs. The sporadic occurrence of
MCAS, its variable presentation, and the curious pattern of
skin pigmentation led 1o the hypothesis by Happle® that this
disorder is secondary to a dominant somatic mutalion oc-
curring early in embryogenesis. According 10 this model,
patients with MCAS have mosaicism for the mutant gene,
and the particular constellation of abnormal findings in
each patient is dependent on the particular distribution of
mutation-bearing cells.

Cyclic adenosine monophosphate is known to stimulate
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ALT Alapine aminotransferase

AMP Adenosine monophosphate

AST Aspartate aminotranslerase

GOGT y-Ghuamyhiransferase

Gy Stimulitory guamne nucleotide binding protein
MCAS  McCune-Albright syndrome

the growth or function of tissues affected in MCAS.®% A
mutation in the gene for the alpha subunit of the stimulta-
tory guanine nucieotide binding protein G, the G protein
that stimulates cyctic AMP formation, has been reported in
five patients® ' The mutation was found in variable
abundance in several affected tissues, consistent with the
mosaic model. The single-base mutations that were found
encoded the replacement of the arginine 201 residue of Gear
with either cysteine or histidine. The Gg protein acts as a
molecular swilch and timer, relaying information from
hormene-bound receptors to the enzyme adenylate cyclase
when it is in iis active, gusnosine triphosphate-bound
state.'? Deactivation of the G protein normally occurs when
the y-phosphate of guanosine triphosphate is hydrelyzed by
an intrinsic guanosine triphosphatase. Substitution of the
arginine residue with a different amino acid inhibtts this
guanosine triphosphatase activity and leads to prolonged
stimulation of adenylate cyclase and production of cyclic
AMP in the presence of little or no hormone.

MNonendocrine abnormulities and carly death were de-
scribed in several of the first reported cases of MCAS and
in sporadic reports thereafter, but the significance of these
accumulated observations has rarely been addressed ® 110
The syndrome 5 generatly considered nonfatul, and 1wy
long-term follow-up studies did not suggest that patients
were at increased risk for nonendocrine disease or early
death.'7 1 Three of four patients in our first report had sig-
nificant nonendocrine abnormalities, including chronic liver
disease of unknown cause, thymic hyperplasia, gastrointes-
tinal polyps, und cardiopuimonary disease.'” Two patients
had unexplained sudden death Mutations were present i
specimens of affected nonendocrine tissue, including liver
and heart 1"

We now describe three additional patients with MCAS
who had profound endocrine and nonendocrine disease and
who died in childhood. A mutation of residue Arg?® of Ggor
was found in affected tissues from all three children. A re-
view of the literature and unpublished case histories high-
tights the existence of a severely affected subsel of patients
with MCAS who may be at risk for nonendocrine disease
and sudden or premature death.

METHODS

Relevant medical recards. surgical pathology summaries,
and aulopsy reports were reviewed for each patient. DNA
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was isolated from paraflin-embedded tissue specimens ob-

1. Slides stained with hematoxy-

tained from cach patien
lin and eosin were reviewed and used to identify regions of
interest. Fibrablasts from patient 2 were grown from a non-
pigmented skin specimen oblained at the time of surgery. A
short fragment of the Gga gene (exon §) containing the
Arg? codon was amplified with the polymerase chain re-
action. and mutations were identified with allele-specific
oligonucleotide hybridization as previously described.’”
This technique measures the specific binding of short,
radioactively labeled oligonucleotide probes that either
match the witd-type DNA sequence exactly {R201) or con-
tain a single-base substitution (R201H or R201C). Under
stringent washing conditions, only the probes that exacily
complement the immobilized DNA will remain bound 10
the filter. DNA isolated from paraffin-embedded normat
tissue was used us & negative control, and DNA {rom pitu-

204

ttary tumors with known Arg®' mutations was used as a

positive control.

RESULTS _

Patient 1. Patient 1, a white male i'nfant), was delivered
by cesarean section a1 36 weeks of gestation because of fe-
tal tachycardia. Apgar scores were 8 and @ at | and $ min-
utes. Birth weight, lengih, and head circumference were at
the 50th percentile. A large, faint café au lait spot was
present over the sacrum. Al 2 days of age the patient was
transferred to a neonatal intensive care unit because ol un-
explained 1achycardia, heart murmur, jaundice, clevation
of serum hver enzyme values, and fever.

A chest radiograph showed cardiomegaly, a multiple
gated acquisition scan showed a diminished eiection frac-
tion of $5%, and cardiac catheterization revealed mild right
venirtcufar hypertrophy. Fever and tachycardia persisted,
but culture results were negative. At 4 weeks of age the pa-
tient was noted to have hypertension (systolic pressures 100
to 125 mm Hp, diastolic pressures 85 to 105 mm Hg), and
hypokalemia {potassium value, 2.4 mmol/L). Plasma renin
activity, aldosterone, and urinary polassiunt excretion were
clevated. Primary renal disease was suspected, but renal
imaging studies revealed only duphication of the right ure-
ter. Multiple medications were required to control hyper-
tension.

An endocrine consultation was obtained at age 3 months.
The thyroxine value was 225 mmol/L (17.5 pp/dl; index
21), the triiodothyronine value was 3.0 nmol /L (194 ug/dl;
index 211}, thyrotropin was suppressed and not stimyulated
by thyrotruopin releasing hormone, iodine-123 uptake was
normal, snd thyroid stimulating immunoglobuling were
undetectable. Abnormal skeletal radiographs and gallium
scan at 2 months had indially been interpreted as repre-
senting ostecomyehitis at 4 femoral catheler site. but 2 bone
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biopsy revealed fibrous dysplasia. The sacral cafe au fait

spot noted at birth had darkened and enlarged. und new
spots had appeared. The diagnosis of MCAS with primary
hyperthyroidism was made apd treatment with propylthio-
uraci] was started. Resolution of tachycardia and normal-
ization of thyroid function occurred and levothyroxine
therapy was begun.

When the patient was 4 months of age, serum cortisol
concentration was 940 nmol /L (34 ug/dl) and was not sup-
pressed by a high dose of dexamethasone. Adrenccorti-
cotropic hormone, urinary free cortisol, and results of ad-
renal ultrasonography and computed tomography were
normal. By 10 months of age the patient had a cushingoid
uppearance, with diffuse osteopenia and growth failure. The
urinary free cortisol level was 2700 ug/gm creatinine (nor-
mal, 20 to 100} and was not suppressed by dexamethasone.
Serum adrenocorticotropic hormone was undetectable. The
patient was imtially treated with aminoglutethimide and
melyrapone, and underwent bilaleral adrenalectomy at age
2 years.

Although the patient’s early tachycardia and hyperten-
sion resolved with control of his thyroid and adrenat discase,
& systolic ejection murmur and mild cardiomegaly persisted
throughout life. The patient also had a chronic mild
hypochremic microcytic anemia and a-thalassemia trait,

Because of direct hyperbilirubinemia (1otal, 277 pmot/L
[16.2 mg/dl): conjugated, 178 umol/L [10.4 mg/dlj) and
unexplained neonatal elevation of serum liver enzymes {as-
partate aminotransferase, 447 U/L; alanine aminoirans-
ferase, 873 U/ y-glutamyltransferase, 3800 U/L: alka-
line phosphatase, 1620 U/L; 5" -nucleotidase, 141 U/L),
the patient underwent a liver hiopsy at 4 weeks that showed
canalicular and hepatocellular cholestasis. A trial of phe-
nebzrbital therapy was initiated inan effort to stimulate hik
flow. Neonatal disophenin scan showed normal uptake with
poor excretion, suggesting cholestasis. Another scan at 6
months of age showed enly slightly delayed excretion. Hy-
perbilirubinemia resolved during the neonatal period, but
liver biopsies at ages 21 and 24 months reveated chronic
cholestasis and progressive fibrosis, and resuits of liver
function tests remained abnormal (e.g., AST 197 U/L,
ALT 241 U/L, and GGT 1690 U/L at 24 months). A sin-
gle gallstone detected by ultrasonography was removed
during adrenalectomy. The common hile duct appeared
normal at that time.

The patient never had signs of sexual precocity, and skel-
ctal maturation was normal for age. The patient had pro-
gressive polyostotic fibrous dysplasia, with shepherd’s crook
deformities, pathologic long bone fractures, and basal skuli
sclerosis. He was never able o bear weight or walk. There
was no evidence of hypophosphatemic rickets. Computed
tomography scan of the hrain at 5 months of age showed
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mild, diffuse airophy. Develepmental evaluation at 2 veurs
of age showed function at a |-year level. The patient had
profound growth failure until age 2% years, at which time
growthvelacity accelerated. At age 3 years 7 months, he had
reached the Sth percentile for height and weight but not for
head circumference. A random determination of growth
hormone level at that time was 17 pg/L, and additional
studies to rule oul a pituitary adenoma were planned.

During what appesred to be a minor viral ilness at age
3 years 10 months. the patient had an unexplained cardiac
arrest and died. An autopsy did not reveal the cause of
death. The pituitary gland showed multifocal hyperplasia,
with the possibility of early, focal adenoma formation; im-
munostaining of the nodular areas showed only growih
hormone and prolactin. The thyroid showed multinodular
cotloid goiter. The liver was abnormally large and had ex-
tensive focal nodular hyperplasia and bridging fibrosis,
chronic cholestasis, and bile duct paucity. The heart was
grossiy normal, but microscopic section of the feft ventricie
showed hypertrophied myocytes with bizarre nuclei, pre-
dominantly limited to the epicardial third of the ventricle.
Other findings at autopsy included bilateral pulmonary
hemorrhages and congestion, a small accessory spleen, and
double right ureter.

An Arg?%-10-His mutation was detected in all endocrine
tissues: hyperplasiic pituttary and adrenal glands, thyroid
goiter, and testes {Fig. 1) A high propertion of mutant al-
lele was present in abnormal specimens of liver and left
ventricle. The mutation was barely detectable in 2 seclion
of normal-appearing thymus.

Patient 2. Patient 2. a white female infant, was the 1958
gm product of an uncomphcated 38-week gestation. Apgar
scores were normal. Birth weight, length, and head circum-
ference were al the S0th percentile for a 33-week gestation.
The patient was adnutied to the hospital at age 10 days be-
cause of dehydration and watery diarrhea and was found to
have hyponatremia, hypokalemia, hypophosphatemia, and
profound metabolic acidosis. Seizures were treated with
phenobarbital. Resuits of screening tests for inherited met-
abolic diseases were negative. Fanconi syndrome was diag-
nosed, and treatmentl with phosphate, sodium citrate, and
potassium cirate was begun. An echocardiogram obtained
because of a heart murmur revealed left ventricular hyper-
irophy.

At 2 months of sge the patient was readmitted for eval-
uztion of severe growth faiture, facial hirsutism, and mul-
tipie café au lait spots. Skeletal survey revealed severe os-
teopenia but no flibrous dysplasia. Serum cortisol (2050
nmol/L; 74.4 ug/dl) and 24-hour urinary free cortisot (290
nmol; 104 ug) levels were markedly elevated and remained
so during a 2-day high-dose dexamethasone suppression
test, consistent with autonomous adrenal function. Bilateral
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adrenalectomy was performed at age 3 months, revealing
macronodular adrenocorticat hyperplasia.

During the same hospitalization, the thyroxine concen-
tration was 238 nmol/L (18.5 ug/dl}, triiodothyronine 6.8
nmol/L (440 ng/dl), and thyrotropin <1 mU/L. Thyrotro-
pin remained undetectable after intravenous infusion of
thyrotropin releasing hormone, indicating autonomous thy-

Fig. 1. Analysis of DNA samples from patients | and 3. Polymerase chain reaction-amplified gzenomic fragments
encompassing exon 8 from parsfin.embedded tissues from patients 1 and 3 and from control tissues were hybridized winh
wild-1ype R201 and mutan m ligonuclectide probes. The pathologic changes in each tissue are summarized on right.

There was no hybridization of DNA with the mutant R201C oligonucleotide probe {not shown).
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roid function. Initial therapy consisted of propylthiouracil
and propranolol. The patient was treated with iodine 131 at
age 6 months, and subsequently with potassium iodide and
methimazole, Subtle signs of hypothyroidism appeared at
age 17 months, but she did not tolerate treatment with a low
dose of tevothyroxine.

Elevated activity of serum liver enzymes was noted dur-
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ing the first month of life and remained elevated (AST 62
10193 U/L ALT 1920436 L/ GGT 771 to 2590 U/,
alkaline phosphatase §308 U/L. 88% heat stable). At age
3 months there was also a transient direct hyperbilirubine-
mia (total, 65 umol /L [3.8 mp/di]: conjugated, 46 umol/L
[2.7 mg/dl]), and liver biopsy revealed marked canalicular
cholestasis and exiramedullary hematopoiesis.

During the first year of life the patient had several epi-
sodes of vaginal spotting. A1 16 months of age, she began
to develop hreast tissue. The serum estradiol concentration
was elevated, and gonadotropin responses were suppressed
after administration of gonadotropin releasing hormone.
Pelvic nitrasonography revealed uterine enlargement and a
left ovarian cyst. The patient was treated with testolactone.

Al age 6 months a skeletal survey revealed severe
ostegpenta and rickets; the serum phosphate concentration
was 0.8 mmaol/1. (2.6 mg/dt), serum calcium concentration
was 2.50 mmol/1. (10.0 mg/d1), plasma parathyrowd hor-
mone concentration was normal, and severe renal phosphate
wasting was documented (tubular reabsorption of phos-
phate = 15%; maximal tubutar reabsorption of inorganic
phosphate, normalized according to glomerular filtration
rate = 0.2 mmol/L} The patient was treated with orally
administered phosphate and 1.25-dihydroxyvitamin D, but
osteopenia persisted. There was a progression of severe
polyostotic fibrous dysplasia, and the patient had a [racture
of the righi leg. Phosphate and vitamin D therapy was dis-
cantinued al age 18 months, serum caleium and phosphate
levels remained normatl for the 3 months, and maximal lu-
bular reabsorption of inorganic phosphate, narmalized ac-
cording to glomerular filtration rale, was found 10 have im-
proved to | 4 mmol/L. The serum phasphale concentration
subsequentiy fell to 1.1 mmel/L (3.5 mg/db} and therapy
was restarted.

Other medical problems included growth retardation,
feeding intolerance, gastroesophogeal reftux, and suspected
allergy to cow milk. An episode of pneumocystis pneumo-
nia at age 4 months that required mechanical venlilation
was attributed 1o immunesuppression from hypercortise-
lism. At age 2 years the patient stopped gaining weight, and
hypertension, tachycardia, and excessive sweating devel-
oped. Tests for hyperthyroidism and pheochromocytoma
showed negative results.

After ingestion of milk at age 2 yeurs, the patient had
persistent vomiting for several hours and turned ashen.
Supplemental steroids were given, and the child was
brought to the hospital emergency department, where she
died. The family declined an autopsy.

The results rom the only two specimens thatl were aval-
able for analysis, a surgical block of hyperplastic adrenal
gland and frozen skin fibroblasts derived from a nonpig-
mented areq, are shawn in Fig 2. An Arg?%-10-Cys muta-
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Fig. 2. Analysis of DNA samples from patient 2. Polymerase
chain reaction—amplified genomic fragments encompassing exon 8
from samples from patient 2 and from control tissues were hybrid-
ized with wild-type R201 and mutam R201C oligenucieolide
probes. There was no hyhridization of PMNA with the mulant
R201H oligonucleotide prabe (not shown).

tion was found in both specimens. The ratio of normal to
mutant alleles in the skin sample indicated that the speci-
men contained both normal and abnermal cells.

Patient 3. Patient 3. a male adolescent with pelyostatic
fibrous dysplasia, cafc au lait spots, and a pituitary sde-
nama. was initially described by Joishy and Morrow.”? The
patient had been hospitalized for 9 days atage 16 years with
an episede of acule pancreatitis. Serum amylase and lipase
aclivities were elevated, und serum liver enzyme values were
normal. The pancreatitis was stiributed 1o mild hypertri-
glyceridemia on Lhe basis of serum lipoprotein electrophore-
sis that showed a prominent prebeta-lipoprotein band (23%)
and a serum triglyceride level of 1.4 mmol/L {125 mg/dl).
In retrospect, this explanation seems untikely because the
incidence of pancreatitis associated with trighveeride levels
less than 1000 mg/d} is rare.?!

One year later, immediately after surgery to remove a
pituitary adenoma, a wound infection developed and the
patient died of sepsis.® Immunostaining of the pitvitary
adenoma for hormones showed only growth hormone and
prolactin. The avtopsy revealed signs of terminal septice-
mia, adrenal nodular hyperplasia, and hepatomegaly with
marked steatosis. The heart was grossly nermal, but micro-
scapic section of the left ventricle showed mild myocyte hy-
pertrophy. The nuclear enlargement was less impressive
than that seen in patient 1, and was focally distributed
throughout the ventricle. Although the autopsy report de-
scribed fibratic changes in the pancreas. the one block that
was available for analysis appeared normal except for some
concretions in the duct.

Analysis of DNA prepared from autopsy material {Fig.
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1) revealed the presence of the Arg?%.10-His mutation in
the adenomatous pitutlary and adrenal glands. Mutanat al-
leles were also present in the karge, fatty liver hut were less
abundunt in thyroid and heart tissue. The propartion of
mutant allele in tissue from the pancreas was high. Mutant
allele was also detected tn the atrophic thymus but not in the
normal parathyroid and kidney. The tesles were not avail-
able for analysis.

DISCUSSION

In terms of the extent of disease, its carly onset, and the
fatal outcome, patients | and 2 represent two of the most
scverely affected patients with MCAS reported. As with
several other published cases,* 22 there was evidence that
the disease process began in utero, but none of the “classic”
features of MCAS was immediately prominent. Patients |
and 2 both had complex symptoms that eluded early diag-
nosis, hut autenomeous endocrine hyperfunction was soon
recognized in both. The diagnosis of MCAS should be en-
lertained in any :nfant with hypercortiselism or hyperthy-
roidism.

The endocrine abnormalities in all three of our patients
are typical of those described in MCAS™ 4 und were asso-
cialed with the presence of the Arg?®! mutation. Mutation
was not detected in most normal-appearing tissues, The fact
that mules with MCAS do not have sexual precocity as of-
ten as females has been described previously,* and sexua}
precocity was not observed in either of our 1wo male
patients, although u high proportion of cells in the testis of
patient I harbored the mutation. All three paticrts had sig-
nificant nanendocrine abnormalities and died prematurely

Itis often forgotten that two of the patients described by
McCune and Bruch! und by Albright? (see also references
I4 and 23} first came to medical attention because of neo-
natal. nencndocrine disease. McCune and Bruch’s patient
had severe. transient jaundice of such intensity that the di-
agnosis of congenital biliary atresia was entertained.
Albright's patient had diarrhea, failure to thrive, micro-
cephaly, and developmental delay.?® Both patients were
soon recognized to have the triad of polyostotic fibrous dys-
plasia, cale au kail spots, and sexual precocity that came to
define MCAS, and hoth children died before reaching ad-
olescence. In an insightful carty review of fibrous dysplasia,
Lichtenstein and faffe!? delineated a subsct of patients with
carly, exlensive bone diseasc and short life expectancy.
They predicted that extended forms of the syndrome might
represent a “museum of developmental abnormalities.™!?

In the past 50 years. however, only u few reports have fo-
cused on the significance of noneadocrine abnormalities as-
sociated with MCAS 1416 The syndrame has generally
been considered nonfatal, and two long-term foltow-up
studies did rot sugpest that patients were at mncreased risk
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that some of the earhest reported patients died in childhood
might be attribuled to the lack of sophisticated medical
care. 1L is also possible that, like our patients, they had an
tntrinsically severe form of the disease associated with in-
creased morbidily and with early death. Because significant
liver or heart abnormalities were present in six of the first
seven patienis whom we studied, we reviewed the literature
on MCAS and summarized the occurrence of hepatobiliary
abnormalitics. cardiovascular disease, and early death in 16
other patients. In the course of our work, we became aware
of three other cases with one or more of these leatures: atl
28 cases are recorded in the Table, The survey emphasizes
the existence of a subset of severely affected patients with
MCAS wha may be at risk for early death. The Arg?! mu-
tation has been present in all seven liver and all four heart
specimens thal have been analyzed.

Severe neonatal jaundice, elevated serum liver enzyme
vadues, and liver abnormalities have been described, alone
or in combination, in at least 16 patients with MCAS. Al
though liver biopsy specimens from the first child in our
previous study were unrevealing,'” the results of fust atom
bombardment-mass spectrometry analysis of urinary bile
acids suggested a mild degree of cholestasis, und five of the
cight available liver specimens from children with MCAS
hid cholestatic chunges or biliary abnormalities {unpub-
fished results). Extramedullary hematopoiesis. which was
noted in the Hiver of putient 2. has also been secn in four
other cases of MUAS (references 24 and 25; unpublished
results}, but the cause of this phenomenon is unknown.

Hepatobsary dysfunction appears 1o be a relatively rare
manifestation of MCAS. O1 30 girls with MCAS examined
al the Naonal Institutes of Health since 1985, only one has
had markedly elevated serum tiver transaminase values'?
and two others have had transient, unexplained increases.
None of these patients currently has other clinical evidence
ol hiver dysfunction.

Other nonclassic manifestations of MCAS have been ob-
served, and  these include  gasirointestinal  polyps:
hyperplasia of the thymus, spleen, and pancreatic islet
cells® 10141020 and scute pancrealitis (our patient 3).
Unusual clintcal manifestations of MCAS, including fail-
ure to thrive, metabolic acidosis, abnormatities in serum
clectrolyte, plucose. or insulin levels, developmental delay,
and microcephaly® 2% 24273 myy be related 1o severe en-
docrine dysfunction or could be a direct consequence of an
Arg™ mutation in nonendocrine tissues. The cause of the
seurvanatomic and behavioral abnormalities in some pa-
tients with MCAS* ' 2 A% deserves further investigation.

Cyelic AMP stimulates the growth and function of endo-
crine tissues classically involved in MCAS, including the
gonads, thyroid gland, adrenal cortex. and pituitary soma-
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Table. Hepatobiliary disease, cardiac disease, and early death in MCAS
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Patient Hepalobiliary
No. Sex disease disease Quicome Reference or PC
1 F + + Died, age 12 yr 1,57
2 F 0 + [Hed, age 10 yr 2,14,23
3 0 + Postoperative death, age 11 yr, Barnweli and Musser (cited in
aftler thyrotdectomy references 14, 58
4 M + 0 Unknown 29
5 P + 0 Unknown 29
6 F + 0 Unknown 59
7 M 0 G Died, age 5 yr 28
8 M 0 + Died, nge 32 yr 60
9 I 0 0 Died, age 15 yr 17, t8
10 ¥ 0 + Uinknown S 37
11 F 0 + Alive, age 66 yr 37, PC: Dr. George ) Ellis
| M 0 + [ied, age 53 yr il
L3 M 0 + Unknown L 38
14 F 0 ) Postoperative death, age 19 yr, 26
from “hemorrhagic
complications”
15 F + 0 Alive, age 52 yr 35
16 F +* 1} tnknown 25
17 F + + Died, age 4 mo 22
18 F + o Alive, age 4 yr i 10
19 M + + Sudden death, age 17 yr 10,15
20 M + + Sudden postoperative death, 3,10
age 5 yr LR
21 M 0 + Thyroid storm; persistent, 61,63; PC: Dr. Robert
unexplained tachycardia Richman
22 M + + Sudden death, age 3 yr Patient |, this report
23 ¥ + + Dicd, age 2 yr Patient 2, this report’
24 M + + Postoperative death, age 17 yr, Patient 3, this report
rom sepsis
25 | + 0 Abive, age 43 yr, alter tiver 63; PC: Dr. Michael Levine
transplant for cirrhosis and
liver failure attributed to
hepatitis C
26 I [ + Alive, age 14 yr, unexplained 64 {patient 3); PC: Dr.
tachyecardia snd Merrily Poth
hypertension
21 M + 0 Alive, age 7 yr 65; PC: Pr. Bruce Boston
28 I + + Died, age 4 mo PC: Dr, Georgeanna

Klingensmith

PC, Persopal communication.
*Extramedullary hematopoicsis.

totrophs. The Arg?® mutations have been documented in

¢ as well as in

abnormal specimens from all these tissues,
pigmented skin macules'! and dysplastic bone? from
patients with MCAS. Although it has been proposed that
a substance elaborated by dysplastic bone is responsible for
the diminished phosphate reabsorption and hypophos-
phatemic rickets observed in some patients with MCAS
{e.g., patient 2), it seems more likely that constitutively ac-
tivated mutant Gga subunits in proximal renal tubules are
responsible. % # Unfortunately, samples of kidney from
such patients have not been available to test this hypothesis
directly.

The presence of cells expressing mutant Gg proteins may
also play a role in the significant nonclassic manifestations

of MCAS. Although five patients who died early had pre-
viously undergone adrenalectomy for Cushing syndrome,
and one other who died was being treated {or this condition
medically,?? there is no evidence that these children had in-
adequate glucocorticoid replacement. Hypocortisolism, hy-
percortisolism, hyperthyroidism, growth hormone excess, or
artertovenous shunting through dysplastic bone may con-
tribute to the cardiovascular complications in MCAS 3%
but it is also plausible that the presence of cardiac celis
harboring the Gg mutation in some patients directly in-
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creases therr risk of premature or sudden desth. The

cardiotoxic and dysrhythmic effects of excess cyelic AMP
are well known (reviewed by Packer et al. #?). The presence
of cardiac cells with the Gs mutation may help explain the
unusual myocyte hypertrophy in patient | and the cardi-
omegaly and persistent tachycardia described in several
other patients with MCAS (Table).

The mechanism by which activated Gg might cause he-
patobiiiary dysfunction remains unclear. Cyclic AMP isin-
volved in the control of hepatocyte gluconeogenesis,*? col-
lagen metabolism,*t proliferation,*? and plasma membrane
polential® and in the formation of bile by both hepato-
cytes™ "7 and bile duct epithelial celis 84 There is evi-
dence that artificially sustained clevation of cyclic AMP per
se does not cause leakage of hepatocellular enzymes. ¥ #5 [
15 concelvable that the presence of inappropriately activated
Gy causes abnormal embryologic development of the biliary
system, and that this lcads to neonatal cholestasis and other,
sccondary pathologic effects. Although cyclic AMP has a
role in bicarbonate secretion by pancreatic duct cells,?0 the
reason that chronic overstimulation of this pathway might
lead to an episode of acute pancreatitis, such as the one in
patient 3, is not clear. The role of Gga mutation in other
unusual MCAS abnormalities, including extrameduliary
hematopoiesis and neurcanatomic manifestations, remains
obscure.

it may be an oversimplification Lo consider only the po-
tential effects of excess cyclic AMP when evaluating the
rathophysiclogic consequences of the activating Gea mu-
tation. The Gg protein modutates the activity of jon chan-
nelst? and & membrane calcium pump,*! and there may be
roles for Gy in cellular differentiation®? and intraceliular
membrane trafficking®? that are not mediated by cyche
AMP. In addition to impairing quanosine triphasphatase
activity, mutations at Arg?® can decrease membrane attach-
ment of Gga, increase its degradation,™ and aflect its inter-
action with By subunits. >

We conclude that the widespread, heterogeneous disiri-
hution of abaormal cells containing the Arg?® mutation in
both endocrine and nonendocrine tissues of patients with
MCAS is consistent with the occurrence of a somatic mu-
tation of the Gge gene during embryogenesis. Severe disease
may be associated with an earlier mutational event that
leads to o larger number or a more widespread distribution
of mutant cells. Mosaicism for single gene defects may rep-
resent a generally important mechanism of disease. ™ Mun-
ifestations of severe MCAS are mare extensive than is gen-
erally appreciated and may inciude hepatobiliary, cardiac,
and pancreatic disease, neurodevelopmental abnormalities,
and other nonendocrine dysfunction, as well as sudden or
premature death. Further attention should be focused on
the pathophysiologic consequences of constitutive activa-
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tion of Gyin nonendocrine MCAS tissues, because this may

serve as a model for understanding the role of Gg signaling
pathways in other human diseases.

We are grateful (o those who helped us obtain patient informa-
tion und specimens, including Ds. Lewis B. Morrow, Dr. Leon A
Mettuy, Dr Gilbert Forbes, and Dr. Benny Kerzner, and 10 those
who have shured information aboutl their unpublished MCAS
cases. We thank Dr. Navid A. Katz, Dr. David E. Kleiner, Dr. Za
chary Goodman, [Xr. Irina Lubensky, and Dr. Reaw Virmani for
analysis of pathologic specireens, Dr. Amy Patterson for helpful
suggestions, and Dr. John Lyons for control DNA samples.
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